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International Thermonuclear Experimental Reactor (ITER) is designed for the
demonstraion of the feasibility of Tokamak type fusion reactor by using 100g to
1kg of tritium. The tritium processing systems of ITER is being designed for
reprocessing of plasma exhaust, clean-up of tritiated coolant water, safety
systems to confine any tritium handling equipment and so on. Because of the
significance of the total tritium inventory and throughput, it is necessary to
perform safety analysis and emphasis the safety. [t is necessary to identify
the failure mode which may cause accident. In this work, the method of Failure
Modes and Effect Analysis (FMEA) was applied to identify failure modes for major
components of the tritium processing systems, focused on their functions. The
result of FMEA clarified. The major initiating events, necessary detection
system of off-normal events, issues to he discussed further and issues to be
analyzed further, pointing out the necessity of further safety analysis work.
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1. Introduction

International Thermonuclear Experimental Reactor (ITER) is designed for the demonstration
of the feasibility of Tokamak type fusion reactor by using 100 gto 1 'kg of tritum. The trittum
processing systems of ITER is being designed for reprocessing of plasma exhaust, clean-up of tritiated
coolant water, safety systems to confine any tritium handling equipment and so on. Because of the
significance of the total tritium inventory and throughput, it is necessary to perform safety analysis and
ernphasis the safety. It is necessary to identify the failure mode which may cause accident. In this work,
the method of Failure Modes and Effect Analysis (FMEA) was applied to identify failure modes for
major components of the tritium processing systems, focused on their functions. The result of FMEA
clarified. The major initiating events, necessary detection system of off-normal events, issues to be
discussed further and issues to be analyzed further, pointing out the necessity of further safety analysis

work.

2. Configuration of tritium processing systems of ITER

Figure 2.1" shows the schematic flow sheet of the tritium plant of ITER. The tritium
processing systems of ITER consists of Torous Fueling System, Pumping System, Head End Primary
Separation System, Impurity Detritiation System, Isotope Separation System, Hydrogen Storage and
Distribution System, Atmosphere Detritiation System and Vent Detritiation Systcm”. In this Failure
Modes and Effect Analysis (FMEA) work, Head End Primary Separation System, Impurity Detritiation
System, Isotope Separation System, Hydrogen Storage and Distribution System, Atmosphere
Detritiation System and Vent Detritiation System were referred for the analysis. The major function of

each sub-systems is as follows.

Head End Primary Separation System
: separate elemental hydrogen from the torus exhaust

Impurity Detritiation System (FCU)
: receive impurity from HE-permeator, detritiate from impurity, feed prodict to 1SS

Isotope Separation System (ISS)
: separate hydrogen isotopes by cryogenic distillation column

Hydrogen Storage and Distribution System
- receive, store and distribute hydrogen isotopes

Atmosphere Detritiation System (ADS) and Vent Detritiation System (VDS)
- cleanup atmosphere and waste gas, and collect tritium

Head End Primary Separation System (HEP) will receive plasma exhaust gas containing
impurities(He, H2, tritiated hydrocarbon and so on) in hold tanks. It will separate hydrogen isotopes
and impurities and circulate hydrogen isotopes directly as the fuel gas by Palladium membrane diffusers.

_1_



JAERI-Tech 95-050

1. Introduction

International Thermonuclear Experimental Reactor (ITER) is designed for the demonstration
of the feasibility of Tokamak type fusion reactor by using 100 g to 1 'kg of tritum. The tritium
processing systems of ITER is being designed for reprocessing of plasma exhaust, clean-up of tritiated
coolant water, safety systems to confine any tritium handling equipment and so on. Because of the
significance of the total tritium inventory and throughput, it is necessary to perform safety analysis and
emphasis the safety. It is necessary to identify the failure mode which may cause accident. In this work,
the method of Failure Modes and Effect Analysis (FMEA) was applied to identify failure modes for
major components of the tritium processing systems, focused on their functions. The result of FMEA
clarified. The major initiating events, necessary detection system of off-normal events, issues to be
discussed further and issues to be analyzed further, pointing out the necessity of further safety analysis

work.

2. Configuration of tritium processing systems of ITER

Figure 2.1" shows the schematic flow sheet of the tritium plant of ITER. The tritium
processing systems of ITER consists of Torous Fueling System, Pumping System, Head End Primary
Separation System, Impurity Detritiation System, Isotope Separation System, Hydrogen Storage and
Distribution System, Atmosphere Detritiation System and Vent Detritiation Systcmn. In this Failure
Modes and Effect Analysis (FMEA) work, Head End Primary Separation System, Impurity Detritiation
System, Isotope Separation System, Hydrogen Storage and Distribution System, Atmosphere
Detritiation System and Vent Detritiation System were referred for the analysis. The major function of

each sub-systems is as follows.

Head End Primary Separation System
: separate elemental hydrogen from the torus exhaust

Impurity Detritiation System (FCU)
: receive impurity from HE-permeator, detritiate from impurity, feed product to ISS

Isotope Separation System (ISS)
: separate hydrogen isotopes by cryogenic distillation column

Hydrogen Storage and Distribution System
: receive, store and distribute hydrogen isotopes

Atmosphere Detritiation System (ADS) and Vent Detritiation System (VDS)
- cleanup atmosphere and waste gas, and collect tritium

Head End Primary Separation System (HEP) will receive plasma exhaust gas containing
impurities(He, H2, tritiated hydrocarbon and so on) in hold tanks. It will separate hydrogen isotopes
and impurities and circulate hydrogen isotopes directly as the fuel gas by Palladium membrane diffusers.

_1_



JAERI-Tech 95-050

Recovered impurities will be sent to the Impurity Detritiation System (FCU) by Normetex pumps and
Metal Bellows pumps. Figure 2.2 shows the basic configuration of Head End Separation system.

Impurity Detritiation System (FCU) will recover hydrogen isotopes containing tritium from the
impurities received from HEP. Feed tanks of the FCU will receive the impurity mixture. Tritiated
hydrocarbon will be cracked into carbon and hydrogen isotopes by a catalytic reactor. Tritiated water
will be transformed to hydrogen isotopes by using water gas shift reaction. The hydrogen isotopes
transformed from impurities will be purified by palladium alioy membrane diffusers and stored in the
product tanks. Schematic flow diagram is shown in Fig.2.3.

Isotope Separation System (ISS) will separate hydrogen composition and produce deuterium
and tritium as the product. The ISS will accept hydrogen isotope gas from the FCU, Water detritiation
system, Blanket tritium recovery system and occasionally direct plasma exhaust. The ISS consists of
cryogenic distillation column and isotope equilibrators. Hydrogen composition (H2 and HD) will be
detritiated by CD1 and sent to VDS. As the product, 99 % pure D; and 50 % Dz + 50 % T» mixture or
2 % Dy + 98 % T, mixture will be sent to the Hydrogen Storage and Distribution System or the Fueler
System. Figure 2.4.1 shows the schematic flow diagram of the ISS. Isotope Separation System handles
large amount of pure hydrogen isotope gas in liquid phase. Thus, it has over pressure protection system.
The schematic configuration of the gas relief in the ISS is shown in Fig. 2.4.2.

Hydrogen Storage and Distribution System (HSD) will store and distribute hydrogen isotopes
to each system of the tritium processing systems. Also, the HSD will work on the accountancy of
rritium. It consists of metal (uranium) beds fueler mix tanks and metal bellows pumps. Figure 2.5
shows the schematic flow diagram of the HSD.

Atmosphere Detritiation System and Vent Detritiation System will cleanup trittum
contaminated room atmosphere. Basically they consist of ‘catalytic hydrogen oxidation beds and
molecular sieve dryer beds. The multi-purpose ADS will accept tritium contaminated atmosphere from
hot cell, tokamak building, cooling vault, the building of tritium processing systems and so on. The
inert atmosphere in the secondary containment of tritium processing systems will be cleaned up by inert-
ADS, which is basically the same feature as the multi-purpose ADS. Multi-purpose ADS and inert
ADS are refereed as ADS in this section for the review of their configuration, because the sub-systems
and their configuration is almost the same, avoiding the duplication of explanation. The VDS will
accept the detritiated atmosphere from ADS, clean it up and send it to the stack. The dryer beds in
ADS and VDS will be regenerated before their saturation by the dryer beds regeneration loop in the
ADS and VDS. Figures 2.6.1 and 2.6.2 show the schematic flow diagram of the ADS and VDS,
respectively. Figure 2.6.3 shows the basic concept of the connection between ADS and VDS, and each

object room.
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3. Failure mode and effect analysis (FMEA) of the tritium processing systems of ITER

Major purpose of this year was to identify and list up the initiation events which may cause
accidental tritium release to the environment, on component functions of each system. It is important to
feed back the results of safety analyses to designers in the course of the design progress, because the
design have chance to be improved to meet safety requirements. On this standing point, the safety
analysis works were started on all of the facility of the ITER. This work is one of the safety works
performed on the early stage of ITER/EDA design by using the technique of FMEA. The technique of
FMEA is suitable to ensure completeness in revealing potentially critical faults. It also provides good
object for designers and regulators (or safety analysts) to discuss and work on the design improverment.
The FMEA on tritiumn processing systems is subject to collect information on component function,
possible deviation of these functions (failure modes), hard ware and other causes of the deviation and
consequences of the deviation on the system or entire systems. Table 3.1 shows the frequency category
and dose criteria applied in this work.

Table 3.1 Frequency Category and Dose Criteria applied in this Work

Frequency Operational Events |Likely Events Unlikely Events Extremely Unlikely

Category o _ Events

Annual Expected  [more than once per |1/y ~ 107y 107 ~ 10% 10™ ~ 10%y

Frequency calendar year

Dose Criteria [0.1 mSv/y 0.1 ~0.5mS8v 5 mSv chronic dose {10 ~ 30 mSv early
chronic dose per  [per event dose per event
event
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4 Results and Discussion of FMEA

Failure Mode and Effect Analysis was performed on Head End Primary Separation System,
Impurity Detridation System (FCU), Isotope Separation Sysiern (ISS), Hydrogen Storage and
Distribution System (HSD), multi-purpose Atmosphere Detritiation System (multi-purpose ADS), Vent
Detritiation System (VDS) and inert Atmosphere Detritiation System (inert ADS). The results of
FMEA are shown in Tables 4.1.1~7, 4.2.1~11, 4.3.1~9, 4.4.1~11, 4.5.1~10, 4.6.1~10 and 4.7.1-9,
respectively. In general, there could be detected no major initiating event which may cause the major
{ritium release to the environment. However, simultaneous occurrence of some initiating events may
cause the increase of the possibility of major tritium release. Special consideration might be necessafy
for the detection of each initiating event before the propagatioh of its effect to the other components or
sub-systems.

The hydrogen explosion is the potential failure to be considered in such processing systems
that handles large amount of pure hydrogen isotope gas. Especially, the ISS handles hydrogen isotope
gas as liquid. For this reason, the ISS has the special feature of expansion tank which accept all
inventory of hydrogen isotope gas under low pressure. In this way, the excessive high pressure in the
primary containment is avoided even in case of total loss of refrigeration ability in operation time of the
ISS. Thus, special consideration is necessary to avoid tritium leakage or hydrogen explosion by major
failure such as loss of refrigeration ability as follows.

(1)Mitigating action against tritium leakage from distillation column

In the event of tritium leakage in the system, the mitigating action should be documented as
manual depending on the size of the leakage. Decision making parameters should be specified in
operating manual.
(2)Mitigating action against heating up of column

Isotope separation system is secured when refrigerator is operated. Cryogenic distillation
columns are cooled by refrigerator and heat leak to the cryogenic distillation columns is shielded by
vacuum insulation with mult layer metal sheets. In the event of low refrigeration power of high heat
leakage, temperature and following pressure increase would occur. In the event of refrigeration failure,
temperature and pressure would increase, hence it is necessary to determine quick and effective
mitigating action on the basis of the thermal analysis during the refrigeration failure. The hydrogen
isotope gas in the ISS will be transferred to expansion tank through rupture disc and gas relief valve.
This means gas transfer to the expansion tank is the final safety design approach, and this corrective
action is irreversible. At the moment of rupture disc break, the system pressure is equal to the disc
rated pressure, which is decided by the allowable pressure of fragile parts(e.g. metal bellows pump).

Heating-up of the cryogenic distillation columns results from refrigerator failure and thermal
shield failure. The mitigating action depends on the heat balance in cryogenic section. If the cooling
power is still larger than heat leak rate, refrigerator should keep operation. The mitigating action
depends on the heat balance in cryogenic section. If the cooling power is still larger than heat leak rate,
refrigerator should keep operation. The decision making point would be clarified based on the thermal
analysis.

In the event of pressure increase in cold box, heat leaks to the cryogenic distillation columns
and temperature and pressure in columns increase. The pressure increase in cold box result from break



JAERL-Tech 95-050

" in distillation columns, break in cold box, or utility gas release. In the present design, only helium gas is
used as coolant. Liquid nitrogen thermal shield panel would be effective to mitigate heat leak into the
distillation columns. The liquid nitrogen thermal shield would economize operating cost as well.

As a mitigating action against heating-up of the distillation columns, liquid in the columns
would be extracted and transferred to the storage bed according to the operating manual. The
extracting rate is determined by pump or flow conwoller capacity and connecting line configuration.
The direct dump line of the distillation column content actuated by the operator would be effective in
emergency.

(3) Plugging due to impurity freeze-up
(3-1) Impurity trap

Regenerable impurity traps are recommended at the boundary of cryogenic temperature to
avoid plugging due to impurity freeze-up.
(3-2) Over-pressure protection line

Over-pressure protection line connected to the cryogenic columns need protection against
freeze up. Heater for over-pressure protection line would be effective to avoid plugging.
(4) Over-pressure protection system
(4-1) Separation of cold box from columns

Cold box gas relief line is connected to the expansion tank. So the cold box would be
contaminated with tritium. Cold box is used both as thermal shield and as decontamination of these
insulators is difficult.

(4-2) Cold box evacuation gas =

Cold box is nommally evacuated with vacuum pump and gas is discharged to VDS. In the
event of tritium gas leakage to the cold box, the pump should stop operation depending on the tritium
concentration because the pump transfers tritium gas directly to VDS. This may create an explosivc'
hazard.

(4-3) Gas processing in expansion tank

Relieving the expansion tank to the VDS may create an explosive hazard. It would be better
to process gas in expansion tank to the front-end permeator. The expansion tank would be better
evacuated and free of impurities in normal operation rather than charged with any gases. Inert gas
would load the front-end permeator, and hydrogen gas would be the source of hydrogen explosion due

to massive hydrogen containment with a single boundary.
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5. Summary and Further Discussion of FMEA

Significant issues of initiating events are listed in Table 5.1 as the summary of this work.
Severe situation will be caused by the simultaneous occurrence of tritium leak into Gloveboxes and
Glovebox failure. However, this case may have very small frequency. Thus, the tritium release to the
environment by failure modes would be small.

It is very important to identify necessary detection system for the failure mode on the basis of
the FMEA results, because it suggests very effective mitigation methods and preventing method for
potentially hazardous failure. Table 5.2.1~6 summarizes the important detection systems for the ritium
processing systems of ITER. It can be said that any of the suggested items are conventional and
commercially available systems. The important issue to be reminded is to install the right place in the
components.

There are still many points to be clarified for detailed FMEA in the current status of the design.
Tables 5.3 summarizes “issues to be discussed further”. The relationship between the safety and
fabrication cost is, partly, “trade-off” situation. Optimum decision on such issues as listed in Table 5.3
should be made on the quantitative evaluation of hazards and the cost of preventing improvement.

Table 5.4 summarizes the necessity of further quantitative analysis. Most of the issues are the
tritium behavior in the situation of containment break in transient status because these analyses give the
acceptable time duration and the effective mitigation action. Another point is the Glovebox stren gth in
case of high pressure tank break. Of course, there is always the flow which introduces GB atmosphere
to VDS. Thus the question is how much the highest pressure would be and weather GB can hold the
pressure. This analysis is very important for the evaluation of hydrogen explosion possibility, too.

It can be concluded shortly as follows.

(1) Current FMEA suggests that the simultaneous occurrence may cause major tritium release to the
tertiary confinement (building atmosphere).

(2) Necessary detection systems are conventional items based on the current status of FMEA.

(3) Emergency tritiurn behavior is to be analyzed quantitatively.

Reference
1) Haange, R., H. Yoshida, et al,, “Status of Design of the ITER Tritium Plant”, The proceedings of

ISFNT in Los Angeles, 1994 Oct.
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